Gravity Field, Shape, and Moment of Inertia of Titan Luciano Iess, 1 T itan is Saturn's largest moon and is second in size only to Ganymede in the solar system. After being gravitationally captured by Saturn on 1 July 2004, the spacecraft Cassini has encountered Titan more than 50 times, carrying out science observations and using the moon's gravity field to change its orbit. Cassini's observations have unveiled a variety of features and phenomena not found on any other solar system satellite, such as hydrocarbon lakes, river channels, and dune fields (1) . Although exogenic processes driven by the dense hydrocarbon-rich atmosphere play a crucial role in shaping the complex topography observed by Cassini's radar, contributions from endogenic processes are far less clear. Assessing the presence of active endogenic processes and understanding the origin of Titan's complex topography require knowledge of the moon's interior structure, which can be indirectly inferred from gravity and rotation data. Here we present results about Titan's gravity, shape, and moment of inertia (MoI) that constrain models of the deep interior structure and provide the appropriate reference to the largescale topography.
Of the more than 50 Titan flybys completed so far by the Cassini spacecraft, only 4 were devoted to the determination of the gravity field. Titan's gravity field is estimated from the spacecraft's range rate, measured to an accuracy up to 7.5 × 10
−5 m/s at 60-s integration times from the Doppler shift of the microwave carrier used in the radio link to the ground. A detailed description of the flyby characteristics, the observable quantities, and the estimation methods is given in the supporting online material (SOM). We processed the data using two different approaches. In the first one, radio tracking data acquired during each flyby were individually fitted for the spacecraft state vector (position and velocity) at a reference epoch, and for the degree 2 and 3 gravity coefficients. The four gravity field solutions and the associated covariances were then combined in a single multiarc solution (SOL1). In a second, more general approach (SOL2), all available radiometric tracking and optical navigation imaging data from the Cassini mission, as well as data from the Pioneer and Voyager Saturn encounters and astronomical observations of Saturn and its satellites, were combined in a global solution for the planet and satellite ephemerides and the gravitational parameters of the bodies in the Saturnian system (2).
In spite of the different approaches, the discrepancy between the two solutions is statistically insignificant (Table 1) . Although neither solution was constrained a priori to the hydrostatic ratio J 2 /C 22 = 10/3 between the degree 2 harmonic coefficients the gravity field appears to be dominated by a nearly hydrostatic quadrupole.
The remaining degree 2 and 3 coefficients are at least one order of magnitude smaller than J 2 , an indication that nonhydrostatic features, although significant, do not play a major role in shaping the gravity body. The orientation of the principal axes of inertia, determined by diagonalizing the quadrupole tensor, is consistent (to a 2s level) with the assumed rotation model (with the spin pole oriented along the normal to the orbital plane, synchronous rotation, and the prime meridian toward Saturn at pericenter). The formal accuracy in the principal axes orientation is about 0.5°for the long axis (pointing to Saturn) and 0.8°for the polar (short) axis.
The ratio J 2 /C 22 is 3.186 T 0.042 for SOL1 and 3.339 T 0.067 for SOL2, which are therefore indistinguishable from each other (to a 2s level) and consistent with the value of 10/3 that is appropriate for a body responding only to the time-averaged tide raised by Saturn and synchronous rotation, assuming that the material properties have no substantial deviation from spherical symmetry (3). This is consistent with hydrostatic equilibrium but does not by itself require hydrostatic equilibrium. For that additional step, we consider the smallness of the other harmonics and the billion-year time scales in which the tidal and rotational bulges have had time to adjust. If Titan is in hydrostatic equilibrium (an assumption well supported from the orbital solutions), the static part of the gravity field depends on a single parameter, the fluid Love number k f . The value of C 22 obtained from SOL1 and SOL2 implies k f = 1.0097 T 0.0039 and 1.0136 T 0.0072, respectively (4); k f would be equal to 1.5 for a fluid body of uniform density. Traditionally, there are two ways to represent the gravity field: by the geoid and by the gravity disturbances. Both require defining a reference ellipsoid. We define the reference ellipsoid as the equipotential surface around the sphere of radius equal to the mean radius of Titan, whose potential is composed of the sum of (i) the gravitational potential produced by the monopole potential, J H 2 ¼ ð10=3Þ C 22 , and C 22 ; (ii) the tidal potential due to Saturn; and (iii) the rotational potential (4). Analytically, we derived the equations for the semi-axes of the reference ellipsoid from SOL1 as (5)
for a reference radius R t = 2575 km. The formal errors are less than 1 m. These values change by about the same amount if SOL2 is adopted. A nonhydrostatic reference ellipsoid, constructed from the measured values of J 2 and C 22 , would differ from the hydrostatic one by at most -9 m for SOL1 and only +0.2 m for SOL2. In both solutions, ða − cÞ=ðb − cÞ ≃ 4, as expected for a synchronously rotating satellite in hydrostatic equilibrium subjected to the rotational and tidal deformation (6) . The axes of the reference ellipsoid are larger than the radii found from radar altimetry (7) (a = 2575.15 T 0.02 km, b = 2574.78 T 0.06 km, c = 2574.47 T 0.06 km). In (7), the mean planetary radius (2574.73 T 0.09 km), is smaller by 3s than the value of 2575 km adopted here. If this smaller value is used, the axes of the reference ellipsoid become 2574.969, 2574.662, and 2574.559 km (the rescaling of the gravity coefficients, being a second-order effect, can be neglected). These values differ respectively by -181, -118, and +89 m from those determined from radar altimetry, a statistically significant difference for the long axis (a).
We computed Titan's geoid heights and gravity disturbances following (8) (Fig. 1 and  2) . (10 -3 galileo). A negative disturbance of -0.2 to -0.1 mGal appears under Xanadu. For this prominent feature, the geoid height variations and gravity disturbances correlate well with the altimetric data (7); such a correlation does not exist for the reference ellipsoid defined by gravity and the ellipsoid fitted to altimetric data.
Using the Radau-Darwin equation (6) (10, 11) . The value for Ganymede admits a simple interpretation: a fully differentiated structure, consistent with the presence of an iron core (needed to explain the existence of a dynamo). The difference between Ganymede and Titan cannot be explained merely by assuming that Titan lacks an iron core. Like Callisto, the larger value of 0.34 can be accomplished by a range of models (12) . If we assume that Titan consists of two layers, an outermost pure water-ice shell (allowing for the different densities of the various ice phases) and an inner constant-density core, then the mean density and MoI determine the radius of the core to be 2050 to 2100 km and the density of the core to be 2550 to 2600 kg/m 3 . Because this core is necessarily rock-rich and therefore less compressible than ice, it is a reasonable approximation to treat it as having uniform density. The uncertainty in core size and mean density arises from the small thermal contributions to the density of ice and the location of the phase boundaries, and also encompasses the small changes that come from assuming an ocean (with or without dissolved ammonia). The core in this two-layer model would most reasonably be interpreted as a mixture of ice and rock. In many accretional models, the outermost regions are heated most severely and therefore are most susceptible to melting of the ice component. The rock would then settle to mix with the deeper regions, assuming it is in the form of particles that are sufficiently small that they cannot settle of their own accord by Stokes flow through the viscous ice. However, models that have three or more layers cannot be excluded; for example, a pure rock core surrounded by a mixture of ice and rock, surrounded in turn by pure ice. The extent of separation of ice from rock is most likely a consequence of the details of the timing and duration of Titan's accretion process (13) . It may also be affected by later radiogenic heating and partial melting of the ice-rock mixture. The MoI factor might also be accomplished by fully separating ice from rock but demanding a low rock density appropriate to hydrated silicates (14, 15) . A problem with these models is the low core density required and the likelihood that radiogenic heating would cause partial dehydration. There is no straightforward way of resolving this issue observationally, but through detailed modeling it is possible to assess which models are most plausible.
Zebker et al. (7) suggested that the shape and therefore by implication much of the gravity of Titan are those of a body that froze during a previous spin and tidal state corresponding to a smaller distance from Saturn. This hypothesis cannot be assessed by looking at degree 2 gravity and topography alone, because there is no way to separate hydrostatic and nonhydrostatic parts, and their hypothesis would also satisfy J 2 /C 22 = 10/3. However, the smallness of the degree 3 terms is not consistent with this interpretation. It is unreasonable to suppose that a body is able to maintain hundreds of meters of frozen topography when its gravity is close to that expected for a fluid body (SOM). To quantify this, we considered the geoid anomalies expected for a given topography anomaly. For completely uncompensated topography, the geoid-to-topography ratio (GTR) is given by ), and l is the harmonic degree. For l = 2, this is about 0.3, implying that a topographic feature of 300 m would be expected to give a geoid anomaly of 100 m, but with a large uncertainty. The observed geoid anomalies are at least one order of magnitude smaller. The orientation of the shape with that of the current tidal and rotational effects is therefore best interpreted as telling us nothing about the physical origin of the excess topography but confirming the view that the body should reorient to the lowest energy state. This makes sense if the topography is positively correlated with the geoid. One way of producing the small GTR suggested here is to have a compensation at depth D that nearly cancels the gravity of the surface mass anomaly. The predicted GTR is then reduced from that given above by a factor f = 1 - (1 -D/R) l . The data suggest f~0.1 and this requires D~100 km, but with a large uncertainty. There are many possible interpretations of this result. It might correspond to the base of the cold ice lithosphere. It could be a thermal anomaly on the order of 10 K, corresponding to a density anomaly of one part in a thousand extending over a depth range of 100 km (because this would be equivalent to the mass of 100 m of ice). If this arose from convection, it would argue against a thin outer convective shell. However, the geoid anomalies arising from convection do not necessarily correspond to a simple estimate of density anomalies alone (i.e., thermal isostasy) and depend on the viscosity structure. The compensation could correspond to a density anomaly in the deeper region (the mixture of ice and rock), but this seems less likely given the depth of~500 km to the core. The compensation could be a structure that develops at depth because of a physical process that creates topography at the surface, or it could be a structure that forms at depth, causing the surface to deform. The only firm conclusion that seems possible at present is that the extent of compensation is not consistent with a cold interior that supports loads over geologic time scales.
As has been suggested for Callisto, the proposed incomplete differentiation of Titan may have arisen because of a long accretion time (on the order of 1 million years), perhaps because both bodies are at a large distance from the parent planet, as measured in units of planet radii. For as long as dinosaurs have been known to exist, there has been speculation about their appearance. Fossil feathers can preserve the morphology of color-imparting melanosomes, which allow color patterns in feathered dinosaurs to be reconstructed. Here, we have mapped feather color patterns in a Late Jurassic basal paravian theropod dinosaur. Quantitative comparisons with melanosome shape and density in extant feathers indicate that the body was gray and dark and the face had rufous speckles. The crown was rufous, and the long limb feathers were white with distal black spangles. The evolution of melanin-based within-feather pigmentation patterns may coincide with that of elongate pennaceous feathers in the common ancestor of Maniraptora, before active powered flight. Feathers may thus have played a role in sexual selection or other communication.
E xceptionally preserved specimens from the Lower Cretaceous of China have shown that simple body contour feathers and elongate pennaceous forelimb and tail feathers, bearing both barbs and barbules, were present in basal maniraptoran dinosaurs before powered flight evolved (1-3). Discoveries of elongate leg and foot feathering in Paraves (4-6) have raised new questions about the evolutionary origin of aerodynamic feather function (2, 3). Preserved color patterns have also been noted, such as the light and dark regions in the tail of Caudipteryx (1), but there has been no evidence to indicate how such patterns, or color more generally, evolved.
Fossil avian feathers preserve the morphologies of melanosomes, the melanin-containing organelles that determine key aspects of color (7, 8) . A recent study (9) reported melanosome impressions in Cretaceous feathers, but the limited sample of small regions of distinct animals and comparison on the basis of gross melanosome shape prevented the interpretation of overall plumage color patterns. Here, we analyze melanosome size, shape, density, and distribution in order to reconstruct the plumage color patterns of a new specimen of a feathered dinosaur. The specimen, BMNHC PH828 (10) (Figs. 1 and 2 and figs. S3 and S4), comprises part and counterpart of a partial skeleton in three shale blocks, with elements of the forelimbs and distal hindlimbs in near-complete articulation. Preparation was minimal, and most feathers are well preserved even to their insertions ( fig. S4 ). Elongate pennaceous forelimb (primaries, secondaries, and coverts) and hindlimb feathers are present, as are contour feathers associated with the skull and body (Figs. 1 and 2 and figs. S3 and S4). The new specimen is referred to Anchiornis huxleyi Xu et al. (11) and preserves morphologies that are consistent with the recovered placement of this species within Paraves as a part of Troodontidae [supporting online material (SOM) text] (6). It was found in strata estimated to be Late Jurassic in age from the Daxishan site (Jianchang County, Liaoning Province), which
